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Thick composites are used in many primary structures. The 
determination of the elastic moduli of thick composites is important not 
only in characterizing ultrasonic waves for NDE, but also in prediction 
of load-carrying capacity of the structures. For a sufficiently thick 
composite, the attenuation of waves often makes echoes too weak for 
practical measurements. Therefore, surface measurement becomes an 
important method for determining the elastic moduli of a thick composite. 
The propagation of stress waves in the surface of large polymer 
blocks was observed experimentally by Tsai and Kolsky (1). The 
experimental results showed two distinct groups of waves, one travelling 
with the dilatational velocity and the other with a surface wave velocity 
close to that of the shear velocity. The amplitude of the surface wave 
group was much stronger than the other group (1). At short distances of 
travel these two groups overlapped. Similar nature of overlapped waves 
was also observed experimentally in the surface of glass block (2). 
Many composite materials have been characterized as being 
orthotropic with nine independent elastic constants (3). In the present 
work, the response of a thick orthotropic composite material to a dynamic 
normal surface line load is investigated. The dynamic load is periodic 
in time and applied uniformly along one of the principal material axes. 
The problem of a tangent line load applied along a principal material 
axis on the surface of an orthotropic material is also investigated. The 
wave front produced by the tangent load is shown to propagate at a 
certain wave speed. It is shown that a proper combination of the surface 
normal and tangential loadings will achieve a nondestructive evaluation 
of all the nine elastic constants of a thick orthotropic composite. Some 
experimental results on thick filament-wound composites are presented and 
compared with ordinary ultrasonic results. 
DYNAMIC NORMAL LOAD 
The response of an orthotropic half space to a normal periodic 
surface load is first investigated to identify the type of waves 
propagating in the free surface. Let x, y and z be the coordinates along 
the three principal material axes. The normal load is uniformly 
distributed along z-axis and acts in the direction of y-axis which is 
directing into the material half space. The load is periodic in time. 
The stress boundary conditions at the free surface y = 0 are prescribed 
as 
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(1) 
(2) 
The quantity LU is the frequency of loading while 6(x) is the delta 
function of the variable x. The disturbance in the free surface is 
propagating away from the source along x-axis. The displacement field 
has two nonvanishing components, i.e. II - (U, V, 0). The displacement 
component in x-direction is U while V is the y-component of the 
displacement. In view of the loading conditions in Eqs. (1) and (2), the 
displacement components can be written as 
the stress-strain relationships for an orthotropic material have the 
following form (3) 
(3) 
(4) 
(5) 
The strain components are related to the displacement components. The 
equations of motion for the above displacement field can be written as 
(6) 
(7) 
The quantity p is the material density. The equations of motion and the 
boundary conditions are satisfied by using the techniques of Fourier 
Transform with the parameter s. The sine transform is applied over Eq. 
(6) while the cosine transform is applied over Eq. (7). The transformed 
system of equations can be satisfied if the transformed displacements 
have the following 
forms 
2 
(u.,vc.o)= L(AI.BI.o)exp(-kl.y) (8) 
1'1 
Us and ve are respectively the sine and cosine transforms of u and v. The 
parameter functions kj are required to satisfy the following 
characteristic equation 
The transform of Eq. (7) gives the following relations 
The shear stress boundary condition at y = 0 in Eq. (2) gives 
Satisfying the normal stress boundary condition in Eq. (1) yields the 
relation between B2 and the cosine transform of the boundary stress 
condition in Eq. (1) i.e. a. The transform is obtained to have the 
following form 
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( 10) 
(11 ) 
(12) 
The sine transform Us at y = 0 in Eq. (8) isus = Al + A 2• After 
calculations in terms of the transformation s a w~/C., the inverse sine 
transform gives 
P y f- -I 
u=--- Q(w,~)sin(wxVC.)~ d~ 
nC ••• 
g- (a+ 5)~2-a.C~- C •• /p.a = C 22 /C •• 
(13) 
(14) 
(15) 
(16) 
( 17) 
The quantities ql and q3 are respectively the normalized forms of the 
characteristic roots kl and k2 of Eq. (9). The expressions for ql and q3 
are 
(18) 
q 3 - [(b - 1/1 ) / 2 a] 1/2 ( 19) 
b-y~2-1-a (20) 
(21 ) 
The normalized root ql has the branch point at ~ = f3~ 1/2 and q3 has the 
branch point at ~= 1(2,4,5l • The roots of ~2 in Eq. (21) are complex for 
many composite materials. The roots are also the branch pints of ql and 
q3. Furthermore, the denominator of Q in Eq. (14) involves the Rayleigh 
characteristic equation(6). This characteristic equation has a simple 
pole at ~=y, which results in the propagation of the Rayleigh surface 
wave(S). The pole is embedded in the integral in Eq. (13) that needs to 
be converted into a finite range integration(2,S). If the contour 
integration techniques similar to those in Lamb(S) and Tsai and Kolsky(2) 
are used, the integral in Eq. (13) is converted into the following form 
of propagating waves 
u - fl F(Oexp[iw(t - xVC.)d~+ H(v)exp[iw(t- xV/C.)] 
" -1/2 
(22) 
(23) 
(24) 
(25) 
The function G'(V) in Eq. (24) is the derivative of G(~)with respect to 
~, which is evaluated at ~ = y. The second term on the right hand side of 
Eq. (22) results from the contributions of the poles at ~%y. The free 
surface waves are incorporated into the expression. The results in Eq. 
(22) indicate that the wave group with the speed~Cll/p=~1/2C. first 
arrives at the position x. The second term on the right hand side of Eq. 
(22) is the surface wave propagating at the speed C./y, which is less 
than the shear wave speed eG. This is inconsistent with the results 
obtained by Tsai and Kolsky (1,2). The strength of the surface wave is 
much stronger than the wave packet strength which is represented by the 
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first term on the right hand side of Eq. (22). In view of the above wave 
properties, an experimental measurement of the speed of the first 
arriving wave will determine the elastic constant Cll. The speed will 
determine the surface wave speed. 
The value V is the root of the Rayleigh characteristic equation in 
Eq. (25). It is clear from Eq. (25) that the value of V is a function of 
the three constants a.B and 6. The dependency of the surface wave speed 
on the material constants is used later to determine the off-diagonal 
constant Cl2. 
DYNAMIC TANGENT LOAD 
The application of a line surface load along a principal direction 
tangent to the orthotropic half-space is expected to produce a shear 
wave. For the case of a tangent line load along y-axis, the displacement 
field can be described by II = (0, v, 0). The equations of motion have 
only the following nonvanishing component 
,)2V ,)2V ,)2V 
C"')X2+ CH ')Z2=P:i/2 (26) 
The free surface here is described by the x-y plane while z-axis is 
directed into the material half-space. The surface load is assumed to be 
a step function H(t) in time. The stresses on the free surface z = 0 are 
vanishing except for the following component 
OZy - T YZo(x)H(I) (27) 
Let f*(p) be the Laplace transform of f(t) with the transform parameter 
p. The Laplace and cosine transform of Eq. (26) can be written as 
(28) 
(29) 
The transformed displacement has the following solution 
Ii: -Aexp( -k.z) (30) 
The solution satisfies the radiation condition. The Laplace and cosine 
transform of the shear stress in Eq. (27) is calculated and related to 
the displacement transform in Eq. (30). Satisfying the boundary 
condition at z - 0 yields 
The Laplace and cosine inversion of the displacement at z = 0 is 
calculated in terms of Eq. (31). The result can be written as 
v---l:!(C H C.6)-1I2 {In{_6 +[ _6 __ I]1I2};I>~ -T C 1 (C 1)2 
n x x C. 
(31) 
(32) 
For 1 < i-., v = O. It is clear that the disturbance is traveling at the shear 
wave speed U6 -(C 66 /p)"2. An experimental measurement on the wave speed 
will determine the shear const C66. 
NONDESTRUCTIVE EVALUATION OF ELASTIC CONSTANT 
A proper combination of the above results for the surface normal and 
tangential line loadings will achieve a nondestructive evaluation of all 
the nine elastic constants. For many structural components, there are 
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only two mutually perpendicular surfaces available for experimental 
measurements. The upper surface in Fig. 1 represents an available surface 
while the right surface is the other available surface. The measurement 
on the speed of the first arriving wave produced by a normal load along 
line [D) propagating in the I-direction determine the diagonal constant 
cll. Similarly, the normal loads applied along lines [D'] and [E) 
respectively determine the other two diagonal compressional constants c22 
and c33, respectively. The application of a surface tangent load along 
[E')-line produces shear waves propagating in the 2-direction. The 
measurement on this shear wave speed determines the shear constant c44. 
The speed of the shear wave produced by the tangent load along [D)-line 
determines the constant c66. The amplitude of the [D)-excited shear wave 
is inversely proportional to (c44 C66)1/2. However, the amplitude of 
the shear wave produced by the tangential load along [D')-line is 
inversely proportional to (c55 C66)1/2. The ratio of the two amplitudes 
will be a check upon c55. The measurement procedures and operations for 
all the six diagonal constants are summarized in Table 1. 
The Rayleigh frequency equation in Eq. (25) involves only four 
elastic constants cll, c22, c66 and the surface wave speed are measured, 
the frequency equation can be used to determine the elastic constant C12. 
Therefore, the measurements of the three properly related surface wave 
speeds will determine the three off-diagonal constants C12, c13 and c23 
as described in the previous quarterly report. The types of loading and 
the elastic constants to be determined are also summarized in Table 1. 
Table 1. Surface Excitation Available for Uncut Cylinders 
Type of 
Load 
Normal 
Normal 
Normal 
Tangential 
Tangential 
Tangential 
Normal 
Normal 
Normal 
Propagation 
Direction 
1 
2 
3 
2 
1 
2 
2 
1 
2 
Load Distri-
bution in 
Fig. 1 
[D) 
[D'] 
[E) 
[EO] 
[D) 
[DO] 
[~ [0] 
[01 
~ 
Modulus Measured 
Cll 
C22 
C33 
C44 
C66 
C55 
C12 
C13 
C23 
Figure 1. Orientation of line sources for generation (and reception of 
longitudinal, shear, and surface Rayleigh) waves on 
accessible faces of a structural component. The particle 
motion directions and the constants to be measured are given 
in Table 1. 
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times by this latter method included subtracting the transducer wear 
plate delay which was previously determined--the results of which are 
summarized below in Table 2.0 with the orientation directions displayed 
by Figure 3. 
1/2", 1.0 MHz ~ 
longiludinal 
transducers 
Figure 3. Method for introducing Rayleigh waves into a piece by putting 
longitudinal transducers on its edges. 
Table 3. Off-Diagonal Elastic Moduli Measured by Surface Waves 
From A Line (Edge) Source 
Dir 
A 
A' 
B 
B' 
C 
Main 
Menu 
Rayleigh 
Velocity 
(cm/usec) 
0.138 
0.128 
0.265 
0.271 
0.139 
0.153 
\ I 
\I 
I 
! I 
, 
II I 
'\ I !f\ \ ~ 
\J f\ I IV 
Ii v \I 
I 
I 
, 
J\ An 
Elastic Constant (name) 
I 
I 
I II 
/II. /\ f\ III 
0.202 
0.00968 
0.205 
0.437 
0.263 
0.424 
0.263 
complex 
complex 
II 'IU Jd/ v \ I I 
I V 
I 
I I 
V 
I 
, 
Ch 110 mV~ 
T/div 51'S Ch 2 .2 V~ 
TriQ .35 V + EXT ~ 
Figure 4. Complex wave forms received from the configuration in Fig. 3. 
First arrival is surface-skimming bulk longitudinal wave. 
Lower trace shows how Rayleigh wave is preferentially damped by 
a surface absorber. 
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The solution for the roots of the equations for the off-diagonal 
elastic constants provides for a quadratic equation which as three 
possibilities: zero, real or complex. The zero case is of no concern 
here as an appropriate solution. Complex roots occur when the 
discriminant is less than zero indicating that the experimentally found 
Rayleigh wave velocity is too fast. Ideally the solution should provide 
for Real roots with one distinct extraneous root. From the results 
presented here, only the A- direction fits the criteria. 
An example wave form described above is depicted in Figure 4. 
Notice from this figure that the first wave form represents the 
longitudinal wave (approximately 90% of that found through transmission 
results). The Rayleigh surface wave is found by applying fingertip 
pressure at the surface of the sample along the wave path. The wave that 
can be significantly damped out represents the Rayleigh surface wave as 
considered here. 
To date Rayleigh surface wave measurements by a line load using 
shear transducers has not been successful. 
CONCLUSION 
The response of a thick orthotropic composite material to a dynamic 
normal surface line load has been investigated using the technique of 
Fourier transforms. The dynamic load is periodic in time and applied 
uniformly along one of the principal material axes. In the transformed 
complex plane, the inversion integrals involve branch points and simple 
poles. The contributions of the singular points are all incorporated into 
a complete contour integration of the inversion integral. An exact 
expression for the tangential displacement in the free surface in a 
direction perpendicular to the line load is obtained in the form of 
propagating waves. The results indicate that a wave packet with its 
leading edge at the longitudinal wave speed first arrives at a surface 
point, followed by the Rayleigh-type surface wave of stronger strength. 
The techniques of Fourier and Laplace transforms have been used to solve 
the problem of a tangent line load applied along a principal material is 
on the surface of an orthotropic material. The tangential force is along 
the line of the load. The dynamic tangent load produces a wave front 
which is shown to propagate at a certain shear wave speed. An 
experimental measurement of the wave speed will determine the associated 
elastic constant. It has been shown that a proper combination of the 
surface normal and tangential loadings will achieve a nondestructive 
evaluation of all the nine elastic constants of a thick orthotropic 
composite. Only two mutually perpendicular surfaces of the composite are 
required to be available for experimental measurements on the wave 
speeds. Some experimental results on thick filament-wound composites are 
presented and compared with ordinary ultrasonic results. 
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